A prototrophic, thermophilic bacillus is in a state of biotin insufficiency when grown in medium consisting of inorganic salts and a carbon source. Epstein and Grossowicz (6) recently described a prototrophic thermophilic bacterium which was isolated from a manure pile and characterized as a starch-negative variant of Bacillus stearothermophilus. This isolate will grow in a defined salts medium containing any one of a variety of simple organic compounds. The observation that this organism fixes CO2 onto pyruvate rather than phosphoenolpyruvate (13) suggested that the enzyme, pyruvate carboxylase (EC 6.4.1.1), which catalyzes this reaction, fulfils the anaplerotic role (8) when growth occurs on glucose or lactate. We have shown that, in the salts medium described by Epstein and Grossowicz (6), the organism is in a state of D-biotin insufficiency and produces virtually the entire pyruvate carboxylase in the biotin-free, enzymically inactive apoenzyme form; supplementation with biotin results in the rapid conversion of the apoprotein to the active holoenzyme even in the absence of growth and protein synthesis (3).
A prototrophic, thermophilic bacillus is in a state of biotin insufficiency when grown in medium consisting of inorganic salts and a carbon source. The effect of this biotin deficiency on the growth rate is severe only if the functioning of pyruvate carboxylase is essential for the utilization of the particular growth substrate. A mutant, PC2, of the thermophile devoid of active pyruvate carboxylase has been isolated. The properties of this mutant confirm the anaplerotic role of this enzyme in the utilization for growth of compounds like glucose and lactate which are catabolized via pyruvate. This conclusion is supported by the finding that revertants isolated from strain PC2 have regained simultaneously the ability to synthesize active pyruvate carboxylase and the ability to utilize glucose or lactate for growth. The growth of mutant PC2 on acetate, unlike that of the parent wild type, is inhibited when glucose or lactate is added to the medium. Secondary mutants obtained from PC2, which are resistant to such inhibition, still carry the original pyruvate carboxylase lesion but are derepressed for isocitrate lyase. This suggests that the inhibition of the growth of mutant PC2 is due to a block in the functioning of the glyoxylate cycle, produced by the glucose or lactate supplement.
Epstein and Grossowicz (6) recently described a prototrophic thermophilic bacterium which was isolated from a manure pile and characterized as a starch-negative variant of Bacillus stearothermophilus. This isolate will grow in a defined salts medium containing any one of a variety of simple organic compounds. The observation that this organism fixes CO2 onto pyruvate rather than phosphoenolpyruvate (13) suggested that the enzyme, pyruvate carboxylase (EC 6.4.1.1), which catalyzes this reaction, fulfils the anaplerotic role (8) when growth occurs on glucose or lactate. We have shown that, in the salts medium described by Epstein and Grossowicz (6) , the organism is in a state of D-biotin insufficiency and produces virtually the entire pyruvate carboxylase in the biotin-free, enzymically inactive apoenzyme form; supplementation with biotin results in the rapid conversion of the apoprotein to the active holoenzyme even in the absence of growth and protein synthesis (3) .
The present study shows that the extent of the biotin requirement for growth varies over a wide range depending on the nature of the carbon source. The isolation and properties of a mutant devoid of active pyruvate carboxylase are also described. These results establish clearly the anaplerotic role of this enzyme during the growth of the thermophile on substrates, like glucose and lactate, that are utilized via pyruvate. SUNDARAM philic bacillus used in this study has been described by Epstein and Grossowicz (6) . It was maintained on nutrient agar slopes and subcultured at monthly intervals. Minimal salts medium, described previously (13) , was supplemented with an appropriate carbon source and, when necessary, with D-biotin at a level of 100 ,Ag/liter. A richer medium, nutrient broth, was also used in some experiments. Cultures were grown at 55 C in a gyratory shaker. When precise temperature control was essential for accurate measurement of growth rates, a water bath shaker (model G76, New Brunswick Scientific Co.) was used.
Measurement of growth rate. A nutrient broth culture was grown from a nutrient agar slope culture and was used to inoculate medium which was similar in composition to that employed in the experiment for mneasuring growth rates; when the effect of biotin on growth was to be studied, this medium was salts medium without any added biotin, to avoid possible carry-over of biotin to the biotin-deficient experimental flasks. Before they reached the stationary phase, cells from this culture were harvested by centrifugation at 25 C and suspended in minimal salts medium (or nutrient broth when this was the experimental medium) usually to an absorbance of approximately 2.5 at 680 nm. When the effect of biotin on growth was to be studied, the cells were washed once with minimal salts medium before the suspension was made. Experimental flasks (250-ml Erlenmeyer flasks containing 50-ml lots of growth medium) were prewarmed to the temperature of the experiment and were each inoculated usually with 1 ml of the cell suspension, and incubated in the water bath shaker maintained at 55 C; the shaker speed was approximately 280 rev/min. The course of growth was followed by measuring the absorbance at 680 nm on 1-ml samples withdrawn at appropriate times.
Preparation of cell-free extracts. Cells from actively growing cultures were collected by centrifugation at 4 C and 10,000 x g for 15 
RESULTS
Effect of biotin on growth. Figure 1 shows the results of a typical experiment in which the effect of biotin was studied on the growth rate of the thermophile in salts medium with sodium acetate as carbon source. The mass doubling time without a biotin supplement was 99 min at 55 C and with biotin it was 78 min; this represents a 25% stimulation of the growth rate by biotin. The results obtained when the carbon source was lactate are presented in Fig. 2 . In the absence of added biotin the culture grew very slowly with a mass doubling time of 7.25 hr (curve A). With biotin in the medium the doubling time was 51 min (curve B), representing a growth rate 8.5 times that seen without the vitamin. In some experiments, no growth occurred for at least 8 hr in the absence of a biotin supplement. When a small amount of nutrient broth (100 mg of dry powder per liter) was present in the biotin-deficient medium, the cells grew appreciably faster than in the deficient medium for about 5 hr. The growth then slowed down markedly, to a doubling time of 5 hr (curve C), presumably owing to the exhaustion of biotin supplied by the nutrient broth. That this growth retardation is specifically attributable to biotin deficiency is shown by the response elicited when biotin was added to the deficient culture or to the culture which initially had received the small nutrient broth supplement: the biotin supplement promptly restored the growth rate (curves D and E) nearly to that represented by curve B. Seven other B vitamins that were tested (thiamine hydrochloride, 0.5 ,g/ml; ri- boflavin, 1 ,g/ml; calcium pantothenate, 0.5 ,ug/ml; pyridoxine, 0.5 gg/ml; p-aminobenzoic acid, 0.5 ,ug/ml; nicotinic acid, 0.5,g/ml; and folic acid, 0.05 ,ug/ml) did not affect the growth rate on lactate.
It is apparent from these results that the effect of biotin on the growth rate is relatively small when the carbon source is acetate but that there is a virtually absolute requirement for this vitamin when growth has to occur on lactate. The possibility that, when acetate was the carbon source, the effect appeared small due to the presence of biotin as a contaminant in the sample of acetate used was tested as follows. A series of cultures was grown in minimal salts medium (without added biotin) with different levels of sodium acetate in the range 10 to 100 mm. Cells from these cultures were harvested, and extracts were prepared and assayed for pyruvate carboxylase. As shown in Table 1 , the specific activity of pyruvate carboxylase in cells from these cultures was less than 4% of the specific activity in cells from the control culture which was grown on sodium acetate with a supplement of biotin. This is in agreement with our previous finding that, when biotin is withheld, the organism forms nearly all of the pyruvate carboxylase as the apoenzyme (2, 3, 13). Significantly, there was no increase in this very low level of active enzyme even when the concentration of acetate in the medium was increased tenfold. If the sodium acetate used in the experiment had been a significant source of biotin to the organism, an appreciable rise in the level of active pyruvate carboxylase would have resulted from the increase in the acetate level. This shows that the effect of biotin on the rate of growth on acetate is genuinely small.
Replaceability of biotin by L-asparate for growth on lactate. The data recorded in Fig. 3 show that the biotin requirement during- growth on lactate can be satisfied nearly completely by the inclusion in the medium of L-aspartate at a relatively low level (5 mM). In this system the major carbon source for growth appeared to be lactate rather than aspartate, and the amino acid merely served as a source of oxaloacetate, which, if biotin were provided, would be produced by fixation of CO2 onto pyruvate. This is suggested by the absence of growth in salts medium which was supplemented with only L-aspartate (Fig. 3) . Nature of lesion in mutant PC2. Mutant PC2, which had been selected for its ability to use succinate but not glucose for growth, proved also to growth rate of the mutant to that of its wildtype parent (Fig. 4) . It Effect of glucose and lactate on the growth of mutant PC2 on acetate. Mutant PC2 and its parent responded differently when glucose or lactate was added to a culture growing on acetate. As shown in Fig. 5 , glucose or lactate accelerated the growth of the wildtype, showing that these two compounds, which individually support the growth of the thermophile at a faster rate than acetate, were readily utilized in the presence of acetate. By contrast, the growth of mutant PC2 was completely inhibited within an hour or so after the addition of lactate or glucose to the acetate culture (Fig. 6 ). This suggests that metabolite(s) that arise from glucose or lactate prevent the utilization of acetate for growth by mutant PC2. This is a specific effect on acetate utilization, since the addition of glucose or lactate did not cause any inhibition of growth when the carbon source was succinate (Fig. 7) . 7 streaking on plates that contained salts meTime (hr) dium, biotin, acetate, lactate, and nutrient 6. Effect of glucose or lactate supplementa-broth (150 mg/liter). The effect produced when n the growth of mutant PC2 in salts-biotin-ace-glucose or lactate was added to a culture of nedium. Details as for Fig. 5 .
one of these mutants, PC2 NG35, growing in a salts-acetate medium is shown in Fig. 8 . In contrast to its parent, mutant PC2, isolate PC2 NG35 continued to grow after the addition of glucose or lactate, if anything, at a somewhat faster rate than on acetate alone. Several of these isolates, including PC2 NG35 (Table 2) , were tested and found to be still deficient in pyruvate carboxylase. Thus the ability of these secondary mutants to grow on the acetate plus lactate medium was clearly not due to a reversion of the pyruvate carboxylase lesion. Moreover, during growth on acetate as carbon source, most of these mutants, including PC2 NG35 (Table 3) , produced, relative to the wild- type strain and strain PC2, abnormally high levels of isocitrate lyase. It is noteworthy that strain PC2 NG35 formed the high level of enzyme, as shown in Table 3 , even when the saltsacetate medium was supplemented with glucose or lactate. On the other hand, the supplement of glucose or lactate caused strong repression of the enzyme synthesis in the wildtype strain; the enzyme activity seen in cells grown under these conditions (Table 3) can be largely accounted for as the contribution from the acetate-grown cells used as inoculum.
DISCUSSION
As reported by Epstein and Grossowicz (6), the thermophile used here can indeed grow in a defined salts medium containing a single organic compound as carbon source. However, under these conditions the organism is faced with an insufficiency of biotin, and one characteristic biochemical symptom of this deficiency is its inability to form active pyruvate carboxylase from the apoprotein (2, 3, 13) . The factor that determines whether the paucity of biotin will have a pronounced effect on the growth of the organism appears to be the essentiality of this enzyme in its physiology. The lack of active pyruvate carboxylase in mutant PC2, the inability of this isolate to use glucose or lactate for growth, and the restoration of the enzyme activity in revertants that can grow on lactate or glucose show clearly that pyruvate carboxylase fulfils the anaplerotic function when the thermophile utilizes carbon sources that are catabolized via pyruvate. The replaceability of biotin to a major extent by L-aspartate (Fig. 3 ) supports this conclusion. Additionally, it is probable that pyruvate carboxylase is required in the thermophile for gluconeogenesis from lactate as in animals (12) . This heavy demand for the active enzyme is reflected in the virtual lack of growth on lactate in the absence of exogenous biotin (Fig.  2) . When cells grown in a rich medium are transferred to minimal salts medium containing glucose, the growth of the organism is completely arrested and lysis sets in. This effect of the shift-down can be counteracted if the medium is supplemented with glutamate, aspartate, or succinate (Epstein and Grossowicz, personal communication). It is probable that, after the shiftdown, the organism faces a deficiency of biotin and cannot form active pyruvate carboxylase, which is essential for growth on glucose. The relief afforded by glutamate, aspartate, or succinate, is presumably due to the fact that any one of these compounds can give rise to oxaloacetate without CO2 fixation. On the other hand, the synthesis of active pyruvate carboxylase must be gratuitous when the carbon source is acetate, as shown by the small effect that added biotin has on the growth rate. The stimulation of growth, albeit weak, by biotin when acetate is the carbon source can be traced to the need for other biotin-containing enzyme(s) like acetyl coenzyme A carboxylase. It is not known how the level of the active forms of these enzymes is affected in the absence of a biotin supplement.
The lack of active pyruvate carboxylase in mutant PC2 could be due to a lesion in either the gene specifying this enzyme protein or the gene that specifies the holocarboxylase synthetase (2). In the latter event this mutant might be expected to form the apoenzyme under all conditions even when biotin is supplied in the growth medium. A second implication would be that the synthetase specifically mediates the attachment of biotin to pyruvate apocarboxylase and to no other apoprotein. If, on the other hand, mutant PC2 produces a defective pyruvate carboxylase, the lesion could be in any one of three proteins. This possibility arises from the work of Alberts et al. (1) , who have shown that acetyl coenzyme A carboxylase is a complex comprising three proteins: a biotin-containing protein, a carboxylase which links CO2 to the biotin, and a transferase which transfers The inhibition by glucose and lactate of the growth of mutant PC2 on acetate recalls the inhibition by these compounds of the growth of phosphoenolpyruvate (PEP) carboxylase-deficient mutants of Escherichia coli on acetate (9, 14) . In Enterobacteriaceae, PEP carboxylase has the same function of forming oxaloacetate from C3 compounds as pyruvate carboxylase has in the thermophile; microorganisms belonging to a number of other genera utilize, as does the thermophile, pyruvate carboxylase rather than PEP carboxylase to generate oxaloacetate (see reference 4). The growth inhibition in E. coli has been attributed by Vanderwinkel et al. (14) to a repression of enzymes of the glyoxylate cycle and by Kornberg and Smith (9) to the inhibition of isocitrate lyase activity by PEP produced from glucose (or lactate). Irrespective of the mechanism, a block of the glyoxylate cycle would prevent the utilization of acetate for growth (8) . In both E. coli and the thermophile, secondary mutants which are resistant to this inhibition prove to be derepressed for isocitrate lyase, consistent with the supposition that the growth inhibition in the first place resulted from an effect on the functioning of the glyoxylate cycle. Lowry et al.
(10) failed to detect any increase in the intracellular level of PEP upon addition of glucose to a culture of the PEP carboxylase-deficient mutant of E. coli growing on acetate, and suggested that this finding was in apparent conflict with the interpretation of Kornberg and Smith (9) 
